How somitic cells become restricted to the muscle fate has been investigated on a number of levels. Classical embryological manipulations have attempted to define the source of inductive signals that control the formation of the myotome. Recently, these studies have converged with others dissecting the role of secreted proteins in embryonic patterning to demonstrate a role for specific peptides in inducing individual cell types of the myotome. Collectively, these investigations have implicated the products of the Wnt, Hedgehog (Hh) and Bone morphogenetic protein (Bmp) gene families as key myogenic regulators; simultaneously controlling both the initiation of myogenesis and the fate of individual myoblasts.
Introduction
The formation of embryonic muscle follows a closelyrelated pattern in all vertebrates. Skeletal muscle of the body derives from segmented arrays of mesodermal structures termed somites which form from the paraxial mesoderm in a stereotypic rostral to caudal progression. Each somite is then partitioned into dorsal and ventral compartments that contain progenitors for individual structures of the developing embryo. The ventral portion of the somite undergoes a mesenchymal transition and gives rise to the cells of the sclerotome which will migrate and differentiate into components of the axial skeleton. The dorsal segment of the somite remains epithelial and forms the dermomyotome. While the nature of cell movements that occur during the maturation of the amniote dermomyotome is still a matter of some debate, it is thought that at least the medial cells of the dermomyotome, which are adjacent to the neural tube, invaginate and migrate laterally to form the myotome -the somitic compartment that will produce skeletal muscle (Kaehn et al., 1988; Denetclaw et al., 1997) . The dorsal portion of the dermomyotome gives rise to the dermis (Fig.  1A-C,I ).
The developing musculature of amniote embryos is further divided into epaxial muscles, which remain medial and attach to the vertebral column, and the hypaxial muscles, progenitor myoblasts of which migrate from the dermomyotome to form muscles including those that populate the ventro-lateral body wall. At the level of the limb, hypaxial muscle precursors also migrate to populate the limb bud where they will give rise to the muscles of the appendicular skeleton. Cell lineage analysis and surgical manipulations of avian somites has demonstrated that epaxial and hypaxial derived muscle groups arise from different cell populations from within the dermomyotome (Selleck and Stern, 1991; Ordahl and Le Douarin, 1992) . Cells immediately adjacent to the midline differentiate first to form the epaxial muscles. Myogenesis of lateral cells is delayed in comparison and consequently muscle precursor cells that migrate to form body wall muscles differentiate later than more medially derived myotomal cells. Thus, in higher vertebrates, the dermomyotome is subdivided medio-laterally into two distinct cell populations that give rise to separate muscle fates which differentiate at discrete times. It should also be noted that a third population of myoblasts contributes to the muscles of the head and are derived from the unsegmented rostral mesoderm of the precaudal plate in a process that remains, at the present moment, ill defined.
The study of embryonic skeletal muscle development has focused primarily on two levels: the identification of structures in the developing embryo that induce compartmentalisation of the somite into myotome and the autonomous response of myotomal cells to these inductive cues. Various studies have implicated transcription factors of the basic helix loop helix (bHLH) class of proteins in the control of myogenesis. Individual members of this class of regulatory factors are able to confer myogenic differentiation on nonmuscle cell types and are therefore collectively termed the myogenic bHLH proteins. The bHLH myogenic proteins are skeletal muscle specific and bind to DNA as dimers, forming transcriptional activating heterodimers with other HLH containing proteins. Binding to and competition between a complex array of positive and negative regulators determines the ability of myogenic bHLH protein to initiate the onset of myogenesis.
In this review we summarise findings from recent studies that have begun to link these myogenic factors with the activities of signals secreted from embryonic structures which control individual muscle cell fates. In the zebrafish a number of mutations have been isolated that disrupt patterning of the myotome and we discuss how the phenotypes of these mutations and the generation of different muscle cell types within the teleost myotome relates to our current understanding of myotomal patterning in other vertebrates.
Cell autonomous factors controlling muscle differentiation

The myogenic transcription factors
The final step for the entry of a somitic cell into the muscle lineage is the induction of the myogenic bHLH class of transcription factors. These factors, in turn, regulate the expression of muscle structural genes such as myosins which will form components of the contractile apparatus. Ectopic expression of the myogenic bHLH transcription factors can usurp the differentiation program of many other pre-existing cell fates and reprogram them to form muscle. What is less clear is the role that individual genes have in controlling the formation of specific fates within the myotome. Do different myogenic transcription factors act to specify the separate lineages that give rise to individual muscle cell types?
The four myogenic bHLH genes myoD, myogenin, myf5 and mrf4 are expressed in a specific spatio-temporal sequence and act at multiple points in the cell cycle of the myogenic lineage to control muscle cell differentiation (reviewed in Lyons and Buckingham (1992) ). In mice, myf5 is expressed earliest within the medial portion of the dermomyotome that will form the epaxial muscle precursors and myoD is initiated later in cells of the lateral dermomyotome. In the avian embryo the order of activation of these genes is reversed with little developmental time separating the initiation of expression of the two genes (Pownall and Emerson, 1992) . Similarly, myoD is a marker of early medial muscle differentiation in zebrafish. However, when either myoD or myf5 alone are inactivated by gene targeting in mice no major muscle defect is observed. myf5 mutants do lack the first wave of myoblast formation and myogen- Fig. 1 . Development of the amniote and teleost myotome. A similar early apposition of axial structures to the forming somite occurs which alters during somitic maturation. However, morphogenesis of the myotome proceeds, at least superficially, quite differently within the different organisms. Formation of the amniote myotome. (A) The paraxial mesoderm (yellow) condenses next to the neural plate, which is closing to produce the neural tube, and forms an initially epithelial somite. (B) In response to positional cues from surrounding tissues the somite matures to produce three distinct compartments. The dermomyotome (grey) arises dorsally and gives rise to the myotome-progenitor cells which form initially at the medial segment of the dermomyotome and migrate in an undefined process to form the myotome (light blue). At the level of the limb, a population of myogenic cells (grey) migrate from the lateral edge of the dermomyotome to form the hypaxial musculature and the muscles of the body wall. (C) The remainder of the dermomyotome gives rise to the dermis (black). Ventrally, cells undergo an epithelial to mesenchymal transition to give rise to the sclerotome (dark blue). Formation of the teleost myotome. (D) Initially, medial paraxial mesoderm cells align next to a large vacuolated notochord (NC) and take on a cuboidal appearance. These 'adaxial' cells (green) express the myogenic transcription factor myoD prior to segmentation into somites. (E) Whole mount immunoflurorescent stains of a 15-somite stage zebrafish embryo (horizontal optical section with its anterior to the top of the page, dorsal view at the level of the notochord). The distribution of the myogenic transcription factor MYF5 is shown in red and slow muscle is detected by green fluorescence. Slow muscle at this stage of development forms a layer of differentiated muscle next to the notochord demonstrating that the adaxial cells differentiate as slow twitch muscle while juxtaposed with the notochord. (F) The majority of slow twitch muscle cells begin to migrate through the myotome. The remainder of the myotome differentiates as fast twitch muscle behind the wave of slow muscle migration A subset of the adaxially derived slow twitch muscle cells fail to undergo this migration, and these cells correspond to the 'muscle pioneers cells' which are the first muscle cells to striate and elongate next to the notochord. They remain positioned next to the notochord up to 24 h after the migration of other slow twitch muscle cells. The sclerotome forms ventrally but is much reduced in size to the that of amniotes. (G) Slow twitch muscle cells migrate laterally to produce a subcutaneous layer of slow twitch muscle. The remainder of the myotome differentiates into fast twitch muscle medial to the migrating slow twitch muscle cells. The embryonic origins of the dermis (black) is uncharted in zebrafish. (H) Cross section through a 26-somite zebrafish embryo at the level of the trunk stained with immunofluorescence for slow twitch muscle in green and fast twitch muscle in red. By the end of somitogenesis slow twitch muscle cells have migrated to form the most lateral muscle from an initially medial position. Slow muscle that remains next to the notochord are the non-migrating muscle pioneer cells (MP). (I,J) Toluidine blue stain of a chick and zebrafish embryo at comparative stages of development. By 3 days of development the axial muscle of the zebrafish myotome (my) predominates somitic derivatives. By comparison, cells of the chick myotome comprise a reduced proportion of the somitic lineages. esis is only initiated around the time when myoD expression begins but muscle forms normally there after. myoD mutant mice possess a severe muscle regeneration defect, but otherwise produce normal musculature. The double mutant combination however not only lacks skeletal muscle but the precursor myoblast population is also absent (Rudnicki et al., 1993) . A functional redundancy for the two genes in specifying myogenic differentiation is surprising given that they are expressed in different regions of the myotome at different stages of development.
Recently, Braun and Arnold (1996) have used sophisticated cell labelling and ablation analysis in mouse embryonic stem cell cultures to determine the requirement for these two genes during myogenesis. Analysis of different embryonic stem cells in culture indicate that myoD and myf5 are expressed in non-overlapping cells and this 5 mutually exclusive pattern of expression is maintained even in embryonic stem cells derived from myf5 targeted mice, indicating that MYF5 does not repress transcription of myoD in these cells. The notion that myoD and myf5 are localised, if only initially (Tajbakhsh et al., 1997) , in distinct cells of the myotome is supported by immunolocalisation of the two proteins in the forming myotome where no overlap can be visualised in the cellular localisation of these two factors . The simplest interpretation of the combined data on the targeted inactivation and expression of the two genes is that myf5 and myoD define distinct domains within the developing myotome and when the function of one gene in one domain is eliminated the other domain expands to compensate (Molkentin and Olson, 1996) . Myoblasts would then be directed to specific fates by reference to positional cues provided by individual secreted signals. These results also imply that normally, different secreted factors would activate distinct bHLH genes and this notion is reinforced by observations that cells of the medial mouse myotome when cultured with axial structures activate myf5 expression while lateral cells in culture with its surrounding ectoderm activate myoD (Cossu et al., 1996b) .
Although mrf4 is also transcribed within the forming myotome its inactivation results in little effect on the myotome and its derivatives. Here redundancy is suspected to operate although the close linkage of mrf4 and myf5 has made interpretation of the phenotypes of mrf4 targeted mice problematic (Patapoutian et al., 1995; Zhang et al., 1995) .
myogenin, which is expressed later and more broadly in the developing myotome than myoD or myf5, has also been mutated within the mouse embryo and these mice show a large deficit in skeletal muscle (Venuti et al., 1995) . However, early patterning of the myotome seems to have remained largely intact indicating that myogenin may be responsible for a second stage of muscle differentiation and not the earlier phase of muscle cell determination. Myogenin, however, has retained its myogenic potential. When the myf5 coding region is replaced by myogenin, transgenic mice appear phenotypically normal, indicating a functional equivalence between the two proteins (Wang et al., 1996) . In the background of myoD mutant mice however, myf5/ myogenin knockin mice fail to rescue fully the muscle deficit evident in myf5/myoD double mutant mice. Thus, Myogenin in this context demonstrates a reduced efficiency in substituting for MYF5 function (Wang and Jaenisch, 1997) .
In several in vitro assays, such as the activation of muscle specific promoters in cultured cells, the myogenic bHLH proteins seem to act in a broadly equivalent fashion. Some differences, however, have been demonstrated for protein binding on specific enhancer elements and there seems to be a functional difference between Myogenin and MyoD/Myf5 in remodelling chromatin to activate transcription (Asakura et al., 1993; Gerber et al., 1997) . In general, however, the results of in vivo knockout and transgenic experiments coupled with in vivo assays demonstrate little functional variance between individual myogenic proteins. Hence, it seems unlikely that specific secreted signals induce individual myotomal fates simply via the deployment of different myogenic transcription factors, although the timing of action of individual proteins may be determinative. Whether positional information acts purely in parallel with the myogenic program to specify individual muscle cell fates remains to be seen.
However, myogenic gene activity is required to interpret positional information correctly on the scale of the developing somite. By targeting a lacz reporter gene into the myf5 locus, Tajbakhsh et al. (1996) have revealed that muscle progenitor cells, which have undergone a normal epithelial mesenchymal transition, migrate abnormally in these transgenic animals. Cells expressing lacz, which normally would be fated to become muscle are found ventrally with the sclerotome and coexpress cartilage markers and are also found dorsally expressing markers of a dermal fate. Thus MYF5 activity is required for somitic cells to respond to positional cues. In its absence myoblasts, despite having activated myf5 transcription, remain pluripotent and are able to differentiate into other somitic derivatives.
PAX3 as a regulator of myogenesis
Until recently, the identification of upstream regulators of the myogenic transcription factors has remained elusive. New evidence, however, has highlighted the role of PAX3 as an upstream regulator of myoD in the mouse somite (Maroto et al., 1997; Tajbakhsh et al., 1997) . In some cellular contexts PAX3 has been shown to be both necessary and sufficient for the induction of myogenesis, a property long held only to reside in the activity of the myogenic transcription factors. This surprising and hitherto unseen requirement for PAX3 has been revealed by the analysis of myf5/pax3 double mutant mouse embryos (Tajbakhsh et al., 1997) . In these embryos, skeletal muscle is virtually absent in the trunk and MYOD fails to be activated in the myotome suggesting either MYF5 or PAX3 activity is required for the initiation of myoD expression and the onset of myogenesis. Sufficiency of PAX3 for myogenesis was demonstrated by the ability of PAX3 transfected nonmuscle cells to activate myoD expression and initiate myogenic differentiation (Maroto et al., 1997) . Intriguingly, this ability was evident even in neural tube explants in which pax3 expression was upregulated. Cells of the neural tube express pax3 in vivo, suggesting that the level of PAX3 may be important for cell fate determination within a number of cell types. Maroto et al. (1997) suggest that increasing the levels of PAX3 titrates an inhibitory activity which suppresses the myogenic function of PAX3 within the neural tube. Surprisingly, however, PAX3 was unable to induce myogenesis in mouse fibroblasts, the cell type originally converted to muscle by MYOD activity to reveal its myogenic potential. This suggests that inhibition of myogenesis does not occur via a mechanism common to all non-myogenic cell types.
However, analysis of the expression of the ascidian pax homologue pax3/7, the ancestral orthologue of the amniote pax3 and pax7 genes, reveals that there is no expression in cells restricted solely to form muscle (Wada et al., 1996) . Expression is mainly confined to neural tissue and there is no common lineage or foreshadowing of the expression of the ascidian myoD homologue, amd1, by pax3/7 suggesting that the regulation of myoD by pax3 in mice and chick may be a function specific to vertebrates.
Post-translational regulators of the myogenic transcription factors
A positive role for myogenesis has also been demonstrated for a second group of DNA binding proteins, members of the MEF family of transcription factors, although the exact nature of the action of these genes in instigating myogenesis remains controversial (for review see Ludolph and Konieczny (1995) ). MEF proteins are MADS box containing transcription factors expressed within skeletal, cardiac and smooth muscle that bind within the promoters of a number of muscle specific enhancers. A number of studies have indicated that MEF protein family members act cooperatively with the bHLH transcription factors to direct muscle-specific gene expression (Kaushal et al., 1994; Molkentin et al., 1995) .
A number of other proteins are thought to interact physically with the bHLH regulators including a class of proteins termed the E proteins which also posses a bHLH domain. A number of these ubiquitous proteins are thought to be required as cofactors of the bHLH myogenic transcription factors; and although they may be required to initiate muscle-specific gene transcription correctly, they do not have the ability to substitute for the myogenic transcription factors in the initiation of the myogenic program.
A second class of HLH containing factors, not expressed in the myotome are thought to regulate the correct activation of myogenesis within the somite. These include the Id, Twist and I-mf proteins. These genes are expressed at high levels within the cells of the forming sclerotome and inhibit myogenesis when they are expressed in cultured muscle cells. This has led some investigators to propose a model of action of these particular HLH containing proteins as repressors of myogenesis, principally by interfering with the action of the myogenic transcription factors. For example the Id protein has been shown to inhibit MYOD function by competing with MYOD for dimerisation with its bHLH cofactors, the E proteins, therefore preventing the formation of the active bHLH-E protein heterodimers (Jen et al., 1992) . Vertebrate homologues of the bHLH encoding gene twist, originally identified as a gene necessary for embryonic gastrulation and the formation of mesoderm in the Drosophila embryo, are expressed throughout the presomitic mesoderm. As the somites develop twist expression is excluded from the forming myotome but continues to be expressed in the cells of the sclerotome and lateral plate mesoderm. In vitro Twist has been shown to inhibit myogenesis by two separate mechanisms: via its ability to sequester E-proteins and by directly preventing transactivation by the non-bHLH myogenic transcription factor MEF-2 (Hebrok et al., 1994; Spicer et al., 1996) . The combination of the in vivo location of Twist in the developing somite and its activity in vitro suggests that it may act to inhibit inappropriate myogenesis in the forming sclerotome. Intriguingly, Twist action in Drosophila has been assigned the opposite regulatory function in the control of muscle formation, being able to initiate myogenesis when ectopically expressed in the ectoderm of Drosophila embryos (Baylies and Bate, 1996) . How evolution has acted to generate this functional dichotomy has yet to be determined. I-mf has been shown to operate through a different mechanism, via binding of the myogenic bHLH transcription factors to mask their nuclear localisation signal and thereby act as a cytoplasmic anchor for the retention of these factors within the cytoplasm. I-mf has also been shown to interfere directly with the binding of the nuclear targets of the myogenic bHLH proteins (Chen et al., 1996) .
Thus the correct formation of the vertebrate myotome requires a complex array of DNA binding proteins and their cofactors (Table 1) . Non-muscle forming cells of the somite, that would be in range of myogenic signals, inhibit the induction of myogenesis by the localised expression of proteins that both physically sequester and directly suppress the transcription of myogenic transcription factors.
Inductive signals control myogenesis
How then is this myogenic program initiated within cells of the developing somite? Newly formed somites show developmental plasticity. Rotation of an epithelial somite along either its medial-lateral or dorso-ventral axes shows that the fate of individual cells is not fixed. Rather, they differentiate appropriate to their new location (Aoyama and Asamoto, 1988; Christ and Ordahl, 1995) . Thus, the fate of somitic cells is not derived intrinsically and requires signals emanating from the local environment.
Axial structures and myogenic induction
Many studies have illustrated that axial structures can control inductions within the developing somite (Kitchin, 1949; Avery et al., 1956; Vivarelli and Cossu, 1986; Kenny-Mobbs and Thorogood, 1987; Christ et al., 1992; Rong et al., 1992; Goulding et al., 1994; Bober et al., 1994a;  for review see Lassar and Münsterberg (1996) ). Although many of these studies have demonstrated a positive role for the notochord in the induction of sclerotome, the role of axial structures such as the neural tube and notochord in the induction of the myotome has remained con-troversial. The majority of these studies have utilised a similar methodology to explore the role of embryonic structures in formation of the myotome. The assay involves the dissection of non-segmented paraxial mesoderm or immature somites from staged chick embryos and co-culture of this tissue with different regions of the embryo that are thought to control myogenic induction. The responding tissue is then monitored for the expression of muscle-specific markers. Using such techniques, Buffinger and Stockdale (1994) have implicated the notochord and ventral neural tube as the major source of muscle cell inducing activity, both being able to induce the expression of the muscle differentiation marker, myosin heavy chain, in nascent chick somitic explants. Induction can occur when tissues are separated by a 0.05 mm pore filter, indicating diffusible factor(s) mediate this process (Buffinger and Stockdale, 1995) . Removal of the most ventral of trunk neural cell types, the floor plate, does not eliminate the ability of the ventral neural tube to activate myogenesis. Consistent with this conclusion, zebrafish mutants that eliminate floor plate form normal musculature (Hatta et al., 1991; Strahle et al., 1996; Schier et al., 1997; Currie, unpublished observations) .
Other studies, however, have differed in their conclusion about activities derived from the neural tube. Stern and Hauschka (1995) demonstrated that the highest inducing activity of midline tissues resides in the dorsal part of the neural tube. These authors have also found that the notochord and ventral neural tube, while possessing weak inductive activity in isolation, can act synergistically with the dorsal neural tube activity. similarly demonstrate that the neural tube can induce myogenesis but their results suggest a requirement for the presence of the floor plate/notochord complex for the induction of muscle-specific bHLH transcription factors in somitic explants. This requirement for the notochord/floor plate complex to be co-cultured with the dorsal neural tube is stage specific. More mature somites no longer require the presence of the notochord and floor plate. This observation suggests that prior exposure to a ventral midline signal emanating from the notochord/floor plate complex sensitises the somites to respond to the mus- cle inducing activity of the neural tube . More recently, Pownall et al. (1996) have extended and reinforced these analyses to show the dependence of bHLH myogenic transcription factor expression on axial signalling. Surgical ablation, in vivo, in the developing quail embryo demonstrates that signals from the notochord and dorsal neural tube control the activation and maintenance of expression, respectively, of these genes. Ablation of the notochord at the time bHLH gene transcription is initiated within the condensing somites, leads to complete loss of the expression of bHLH gene expression, revealing a requirement for signals emanating from the notochord in the induction of myogenesis. Conversely, transplantation of noto-chord cells to an ectopic location, next to segmental plate mesoderm, can activate bHLH gene expression, demonstrating that notochord derived signals are sufficient to activate myogenesis within the context of the forming segmental plate mesoderm. Surgical separation of the neural tube and notochord from somites that have initiated bHLH gene transcription leads to the downregulation of transcripts in all but the most developmentally mature anterior somites. Furthermore, newly formed somites, that remain in contact with the dorsal neural tube, can maintain high levels of bHLH gene expression for significant lengths of time in culture, despite the absence of the notochord. These results indicate that signals from different axial structures are required for the initiation and early maintenance of bHLH gene transcription; after a certain period, however, the myotome becomes autonomous with respect to transcription of bHLH genes, and presumably for the myogenic programme itself.
However, in vivo transplantation of notochord tissue to positions dorsal with respect to the somite can completely inhibit muscle formation while promoting development of the sclerotome (Brand-Saberi et al., 1993; Pourquie et al., 1993; Goulding et al., 1994) . Markers of sclerotome development can also be induced in in vitro recombination experiments of notochord and somitic tissue, suggesting that sclerotomally derived fates are also controlled by factors secreted by the notochord (Fan and Tessier-Lavigne, 1994) . In support of this notion of ablation of the notochord, either by extirpation or genetically leads to a downregulation of markers of sclerotome (Dietrich et al., 1993; Pourquie et al., 1993) . How nascent somitic tissue can interpret these qualitative and quantitatively different signals through development to generate the different compartments of the somite has yet to be determined.
Evidence exists that signals provided by axial structures are not necessary for the myogenic determination of the hypaxial musculature. Experiments that remove the neural tube but leave the lateral somite in contact with the adjacent lateral mesoderm show that hypaxial muscle progenitors can still form and migrate to populate the limb and body wall (Rong et al., 1992) . Conversely, a number of genes when inactivated in the mouse germline, result in a deficiency of skeletal muscle derived from the hypaxial lateral region but leave epaxial derivatives intact (see below). This observation reinforces the notion that different signals mediate the generation of medial versus lateral muscle fates in the amniote myotome.
Other cell types have been suggested to regulate the formation of the dermomyotome and initiate myogenesis (Fig.  2) . One group of studies have suggested that dorsal surface ectoderm secretes a positive acting signal for the specification of the myotomal compartment (Fan and TessierLavigne, 1994; Cossu et al., 1996a) while other evidence suggests that non-neural ectoderm may have play only a modest direct signalling role in this process (Spence et al., 1996) .
Fibre type specification and axial structures
Formation of the different types of fibres that populate specific muscles may also be controlled via signals secreted from axial structures. The most studied of muscle fibres are Fig. 2 . Cross-section through the midline of an amniote embryo illustrating the compartments of a mature somite and the origin of signals that act to pattern the dermomyotome. Various studies on myogenic induction (see text for references) suggest a model where by Wnt genes expressed in the dorsal neural tube and non-neural ectoderm and Hedgehogs (HHs) expressed in the notochord and ventral neural tube positively regulate the onset of myogenesis and the induction of myotome (dark blue circles). BMP4 expressed in the lateral plate mesoderm is a negative regulator of myogenesis and controls the specification of the lateral somitic lineages, the hypaxial musculature (light blue circles). However, BMP4 is also highly expressed in the dorsal neural tube. Response to the BMP4 signal may be mediated by the BMP4 binding proteins Noggin and Follistatin, which are highly expressed within the developing chick dermomyotome. These proteins have been shown to bind to BMP4 directly and to negatively regulate its activity. The role of these proteins may, in part, be to negate the activity of the opposed neural tube derived BMP4 activity and limit BMP4 action to the specification and inhibition of differentiation of the lateral migratory hypaxial myoblast (HP). Differentiation and division of myoblasts may also be controlled within the myotome by the action of Myostatin. NNE, non-neural ectoderm; DM, dermomyotome; SC, sclerotome; LP, lateral plate mesoderm; NT, neural tube; NC, notochord. those of the twitch or phasic class of which there are of two kinds, fast and slow twitch. Different fibre types are associated with expression of specific contractile proteins such as myosins. Myosins are hexameric molecules composed of two heavy chains and two pairs of light chains, and can be grouped into fast and slow twitch classes depending on the muscle types in which these isoforms are expressed (Bandman et al., 1982; Crow and Stockdale, 1986; Hughes et al., 1993) . Studies in chick embryos have suggested that muscle develops into a particular fibre type characterised by its embryonic myosin isoform content, presumably due to the different kinetic properties that these proteins impart to the muscle fibre (Butler et al., 1982; Phillips and Bennett, 1984; Crow and Stockdale, 1986; Phillips et al., 1986) . AudaBoucher et al. (1995) have recently demonstrated that ablation of the neural tube deletes the expression of specific myosins but leaves others intact. Expression of the neural tube-dependent myosins can be also be induced in somitic explants co-cultured with neural tube. Thus not only is the initiation and maintenance of myogenesis under control of signals secreted from axial structures but the type of muscle that forms is also controlled by these signals.
Lateral plate mesoderm and the repression of myogenesis
The clearest indication that non-axial tissues can also control myogenesis comes from recent studies implicating the lateral plate as a source of repressive signals in the specification of hypaxial muscle fates. The action of this signal(s) can be revealed by the analysis of expression of genes that are thought to control the differentiation of the myotome. Initially, lateral cells of the dermomyotome do not express any myogenic bHLH gene transcripts suggesting that signals from surrounding tissues may repress activation of the myogenic programme in these cells. Analysis of the expression of pax3, which precedes the onset of myogenesis supports this notion (Goulding et al., 1993; Williams and Ordahl, 1994) . pax3 transcripts are first detected in the neural tube and the early epithelial somite. Later, somitic expression becomes restricted to cells of the dermomyotome. The transcription of pax3 is downregulated at the initiation of the myogenic programme, with medial cells of the somite losing expression of pax3 while high levels of expression are maintained by muscle progenitors of the lateral dermomyotome.
In the mouse pax3 mutant, Splotch, only limb muscle cells and other derivatives of the laterally derived hypaxial muscle precursors are disrupted, suggesting that there is a difference in the way myogenesis is regulated in the medial versus lateral compartments of the dermomyotome (Franz et al., 1993; Goulding et al., 1994; Bober et al., 1994b) . Pourquie et al. (1995) have demonstrated that in the chick surgical separation of paraxial mesoderm from its lateral environment leads to pax3 downregulation and the upregulation of the bHLH transcription factor myoD, normally restricted to medial myoblasts, in cells of the lateral somitic compartment. Conversely, placement of a graft of lateral mesoderm between the neural tube and paraxial mesoderm leads to a downregulation of myogenic markers, such as myoD, in the medial myotome and an ectopic upregulation of pax3 in similarly positioned cells. In cultures of mouse paraxial mesoderm, differentiation of lateral myogenic precursors is delayed by co-culturing with explants of the lateral mesoderm (Cossu et al., 1996a) . Taken together, these results suggest the lateral plate mesoderm is a source of signal(s) which inhibit the differentiation of lateral myoblasts. Lateral cells, however, maintain their myogenic potential thus allowing cells to migrate and recapitulate the myogenic programme at their site of differentiation, a mechanism critical for the generation of the musculature of the appendicular skeleton which necessarily must occur at some distance from the myotome.
Interestingly, targeted disruption of the c-met gene, which encodes a tyrosine kinase receptor, also results in a lack of skeletal muscle in the limbs and at other sites where hypaxial muscle differentiates (Bladt et al., 1995) . Splotch mutant muscle precursors do not express transcripts of the c-met gene (Dalston et al., 1996) . However, if transplanted to the limb of normal embryos, Splotch mutant myoblasts can differentiate to form the appropriate muscles, suggesting that in the absence of PAX3 activity lateral muscle precursors form normally but are prevented from migrating to their correct location. It is of interest to note then that the ligand for the c-met receptor, hepatocyte growth factor/scatter factor has been shown to be responsible for the induction of cell migration in a number of contexts. Thus, the requirement for PAX3 activity for the transcription of the c-met receptor may underlie the migratory defect of hypaxial muscle progenitor cells in Splotch mice and these defects may not reflect a cell autonomous requirement for PAX3 in specification of hypaxial myoblasts (Dalston et al., 1996) .
Myogenesis and the cellular context
Global repression of myogenesis
An alternative view of the action of muscle promoting signals is that they act to relieve repression of myogenesis imparted before or during gastrulation (George-Weinstein et al., 1996; Cossu et al., 1996b) . Blastomeres derived from pregastrulation embryos of a number of different species, including chick, Xenopus and zebrafish, cultured in vitro, are able to differentiate into muscle (Holtzer et al., 1990; Godsave and Slack, 1991; Currie, Norris and Ingham, unpublished data) . This can occur without replication within blastomeres plated at clonal density in protein-free medium and muscle represents a surprisingly large amount of the cells found in cultures of this type (Holtzer et al., 1990) . Furthermore, in the chick, cultured blastomeres can be inhibited from forming muscle by co-culture with meso-derm or hypoblast tissue; chick epiblasts cultured as an intact epithelium also fail to undergo myogenesis, suggesting that cell-cell interactions inhibit the myogenic programme (George-Weinstein et al., 1996) . The notion that chick blastomeres may possess universal myogenic potential is supported by the observation that expression of the myogenic bHLH gene, myoD, can be detected in epiblast tissue of the chick embryo prior to its entry into the primitive streak. Furthermore, myoD is translated in nearly all cells of the epiblast when dispersed and plated in culture (Holtzer et al., 1990) .
myoD transcripts are deposited maternally within the unfertilised Xenopus oocyte and do not become localised specifically to the region of the embryo from which muscle cells arise, consistent with the notion that Xenopus blastomeres may also posses a general myogenic potential (Harvey, 1990) . Zygotic transcription of myoD begins at the mid-blastula transition and transcripts are expressed throughout the embryo (Harvey, 1990; Rupp and Weintraub, 1991) . The fact that ubiquitous myoD expression precedes its restriction to the muscle lineage suggests that the myogenic program may also be inhibited within non-muscle cell types in Xenopus embryos.
Control of myogenesis within invertebrate embryos also appears to proceed by counteracting cell-cell inhibition. In the nematode, C. elegans, expression of myoD (cemyoD) is initially wide spread, becoming restricted to the muscle lineage only at the 90 cell stage (Krause et al., 1992) . The forming musculature derives from blastomeres EMS, C, D and AB. Normally, the decision of which cells of the muscle lineage will contribute to forming the 81 muscle cells of the nematode body wall is controlled by inductive interactions between daughter cells of these blastomeres. However, when EMS is isolated in the four-cell stage embryo by ablation of all other blastomeres its daughters still make the normal number of muscle cells, indicating that EMS also has a cell autonomous potential to produce muscle but is inhibited from doing so in the intact embryo by surrounding blastomeres (Schnabel, 1994) . Expression of cemyoD is first seen within the MS cell, a daughter of EMS. However, descendants of MS will become pharyngeal cells, neurones and non-muscle mesodermal cell types as well as striated muscle. Thus, some activity must suppress the myogenic action of MYOD in these early expressing blastomeres. This is not a functional difference in the CeMYOD protein as it is able to both convert mammalian non-muscle cell types to muscle in culture and activate mammalian muscle-specific enhancers (Krause et al., 1992) , defining features of the vertebrate myogenic bHLH protein family. Intriguingly, mutation in cemyod does not eliminate muscle cell formation but disrupts the morphogenesis of muscle cells. Mutants fail to elongate muscles appropriately and mutant larvae consequently demonstrate weak and uncoordinated muscle contractions. However, the fact that cemyod mutants make muscle at all suggests that redundant mechanisms must operate in the specification of C. elegans muscle.
The development of the 40 or so striated muscle cells of the Urochordate ascidian larva also occurs mainly through a lineage restricted mechanism. In this instance the segregation of cytoplasmic determinants or 'myoplasm' into specific blastomeres is thought to control myogenesis (Conklin, 1905) . The primary muscle cell lineage differentiates cell autonomously, directed by determinants within the myoplasm, while differentiation of secondary muscle involves cell-cell interactions (Nishida, 1990) . However, as late as the 32-cell stage some presumptive primary muscle cells are also fated to produce notochord, despite the fact that the ascidian MyoD homologue AMD1 has already initiated expression at this stage (Araki et al., 1994) . Some mechanism therefore must exist to suppress the cell autonomous myogenic activity of the myoplasm and AMD1 to allow the formation of notochord within these blas-tomeres. By the 64-cell stage no blastomeres share a common notochord and muscle lineage, a specification that coincides with the expression of the ascidian Bracyhury homologue in cells fated to become notochord (Yasuo and Satoh, 1993) .
Analysis of the zebrafish mutation, floating head (flh), reveals that the differentiation of the notochord within the vertebrate embryo may rely upon the suppression of muscle differentiation in cells fated to become notochord. The flh mutant phenotype results from inactivation of a homeobox gene whose expression in the gastrula is confined to the forming axial mesoderm. In flh mutant embryos, cells that would normally form notochord eventually make muscle resulting in embryos where the myotome fuses across the midline Talbot et al., 1996) . Early in their development, however, mesodermal cells can be detected within the midline of mutant embryos that express markers of both notochord and muscle differentiation, indicating that in the absence of FLH activity, cells activate the myogenic programme. Thus, flh is required to maintain a myogenic repressive activity within the axial midline (Talbot et al., 1996) .
Muscle may thus be the ground state of differentiation of all somitic cells which are then suppressed to form different compartments of the somite such as the sclerotome. Within the cephalochordate, Amphioxus, the mesodermal segments or somites do not differentiate into a dermomyotome and thus lack any migratory somitic cells. There is no mesenchymal condensation of cells of the somite and therefore no detectable sclerotomal compartment as befits an animal that lacks an axial skeleton. Thus, in Amphioxus, the primary fate of the mesoderm is muscle, and even the notochord cells themselves contain myofibrils that express the same myosin isoforms also present within the myotome (Flood, 1975; Holland et al., 1995) .
Collectively, these studies suggests that muscle may form the default pathway in the development of a number of cell types in many animal species, upon which evolution has acted to derive other cell types. A process that represses the myogenic programme may be one way in which this could be achieved. Within the invertebrate and vertebrate embryo the myogenic transcription factor, MYOD, whose activity triggers muscle differentiation, is present in many cells before restriction to a muscle lineage, suggesting this activity must somehow be repressed. Cell-cell interactions within the developing embryo are required to suppress a seemingly global myogenic potential and in the absence of these interactions muscle is formed inappropriately. A number of mechanisms have been described for the inhibition of myogenesis in non-myotomal derivatives of vertebrate somites (see above). Thus, it is plausible that inappropriate myogenesis might be under tight negative regulation, even in the gastrula.
The community effect
Studies on muscle cell differentiation within the Xenopus embryo have suggested that in order to respond to inductive signals a potential muscle cell must be within a group of cells of some minimum size, a cellular behaviour coined 'community effect' (Gurdon, 1988) . When cells are transplanted from a region of the gastrula that is destined to give rise to muscle and placed in an ectopic location, single cells will fail to differentiate as muscle whereas a group of cells will readily do so. Similarly, paraxial mesoderm cells isolated from the limb and somites of developing mouse embryos display a requirement for a minimum number of cells to differentiate as muscle (Cossu et al., 1995) . Such a community of cells, however, still requires inductive cues from axial tissues for differentiation. Older somite derivatives no longer require a community effect to differentiate suggesting once the myogenic program is established differentiation occurs in the cell autonomously.
Although it is hard to reconcile the concept of the community effect with the analysis of myogenesis in culture described in the previous section, a suggestion has been made that these differences could in part be explained by culture conditions mimicking the cellular context of the community (Gurdon et al., 1993) . It is also possible that the requirement for community is imparted at or during gastrulation and blastomeres of pregastrula stage embryos retain the ability to differentiate as muscle when dissociated.
Whichever mechanism is used to interpret cues that initiate myogenesis a complicated picture has emerged from studies designed to determine the embryonic origins of signals regulating myogenesis. Most studies have affirmed a positive role for axial structures, in particular the notochord and neural tube, in the induction of muscle and the patterning of medial muscle precursors although there is disagreement about the timing, degree of signalling and specific source of inducing factors from these structures. Some of this conflict almost certainly arises as a consequence of individual investigators utilising different staged tissue explants for their studies. The evidence for the involvement of lateral plate mesoderm in myogenic patterning is also convincing and secreted molecule(s) from this source can negatively regulate the formation of muscle cell fates.
Secreted proteins and myotomal patterning
Axial derived signals
A number of secreted molecules are expressed within regions of the embryo that have been implicated in the control of myogenesis (Fig. 2) . Members of the Hedgehog (HH) family of secreted proteins have been shown to be expressed in the notochord and floor plate in different vertebrate embryos and have been implicated in a number of aspects of somite patterning and references therein). Johnson et al. (1994) have demonstrated that myotomal markers are expanded in somitic tissues when dorsal regions of the neural tube are infected with a retrovirus expressing Sonic Hedgehog (SHH)-one hedgehog gene family member expressed in the floor plate and notochord of vertebrates. More recent experiments have implicated SHH and another secreted signalling molecule, WNT1, in the induction and control of myogenesis. Wnt1 is one of several Wnt genes expressed in the dorsal neural tube of the developing chick embryo. have shown that a number of members of the WNT family of secreted proteins display synergism with SHH in inducing myogenesis in somitic explants. Interestingly, not all WNT family members can act with SHH to induce myogenic bHLH gene expression in chick somitic explants. Only WNT1, WNT3 and WNT4 can induce myogenesis while WNT7a and WNT7b do not. This correlates well with the spatial restriction of transcripts, with inducing family members being localised predominately to the dorsal half of the neural tube, while the non-inducing Wnt genes are localised primarily to the ventral neural tube. pax3 expression can also be induced by the same combination of SHH and WNT proteins in somitic explants demonstrating that similar signals may control the induction of upstream regulators of the myogenic transcription factors (Maroto et al., 1997) . Stern and Hauschka (1995) have also demonstrated a positive role for WNT proteins in the forming myotome. Co-culture of cells from somitic mesoderm with WNT1 expressing fibroblasts was shown to result in weak induction of muscle specific markers. Although at first glance these results may seem at odds with those of Mu\ac-nsterberg et al. (1995) -which show a requirement for both SHH and WNT1 for myogenic induction -resolution of this apparent contradiction may lie in the different stages of the somitic explants and experimental conditions used in the two experiments. Indeed, Lassar and Münsterberg (1996) state that presegmental plate mesoderm requires both SHH and WNT signals to activate MyoD expression whereas more mature somites require only WNT signalling.
The requirement for both SHH and WNT to activate myogenesis in nascent somitic explants fits well with previous observations that demonstrate that both the dorsal neural tube and notochord are required for high level activation of myogenic bHLH transcription factors. It may be that SHH secreted from the notochord is involved in the initiation of myogenesis and WNTs produced from the dorsal neural tube control maintenance of the myogenic programme. This would reconcile the observations in vitro, that demonstrate a requirement for both SHH and WNT proteins for high level induction of myotomal markers, and the necessity of the neural tube and notochord for similar inductions in tissue recombinants, with the separate myotomal inductive and maintenance properties associated with these tissues in vivo (Pownall et al., 1996) .
Analysis of the expression of bHLH transcription factors in mice homozygous for a targeted disruption of the shh gene shows that SHH is required for the correct expression of myf5, a bHLH myogenic transcription factor expressed in the medial compartment of the myotome (Chiang et al., 1996) . myf5 expression is reduced in shh null mice, however, the fact that skeletal muscle develops in shh mutants indicates there is no absolute requirement for SHH in the induction of myogenesis and points to a possible redundancy in specifying the myogenic program. Indeed, expression of myoD within the lateral myotome is unaffected in shh mutants (Chiang et al., 1996) . This reinforces the notion that axial signals, specifically SHH, act to specify medial but not lateral myotomal fates and that there is considerable redundancy in signals that activate the myogenic program.
Lateral signalling
While SHH and WNTs represent molecular candidates for the myotomal patterning activity of the notochord/floorplate and dorsal neural tube respectively, another secreted signalling molecule has been suggested to control somitic patterning from the lateral plate mesoderm. As discussed above, a signal from the lateral mesoderm is required for the maintenance of lateral myoblasts. Pourquie et al. (1996) have demonstrated that expression of the bHLH transcription factor gene, cSim1, is restricted to cells of the lateral somitic compartment within the developing chick embryo and this expression requires the presence of the lateral mesoderm. BMP4, a member of the transforming growth factor-b (TGF-b) family of genes, is highly expressed within chick lateral plate mesoderm and dorsal neural tube during somitogenesis (Pourquie et al., 1996) . Expression of cSim1 can be induced within the medial portion of the somite by the implantation of cells, between the neural tube and medial somite, which express BMP4. Similarly positioned BMP4 expressing cells can also inhibit induction of myogenic bHLH gene expression within the medial somite. Collectively these results suggest that BMP4 may represent the lateral plate activity required to specify the lateral somite and repress myogenesis within lateral dermomyotomal cells. Expression of cSim1 is also antagonised by a diffusible medialising signal from the neural tube as the placement of transplants of the dorsal neural tube next to the lateral somitic mesoderm downregulates cSim1 expression. This suggests that opposing gradients of secreted factors act across the dermomyotome to specify individual cell fates, although the fact that BMP4 is also expressed within the dorsal neural tube complicates such a model, suggesting that discrete levels of BMP4 activity are determinative. Interestingly, in the zebrafish embryo, BMP4 is not expressed at high levels in the lateral mesoderm or dorsal neural tube and this observation correlates with teleosts possessing very little migrating 'hypaxial' type musculature (Schilling unpublished observations, see below). Although it is possible that this expression may be contained within the domain of a yet to be described zebrafish BMP homologue it is tempting to speculate that the inhibitory action of BMP4 in the lateral plate mesoderm may have arisen within tetrapods as a mechanism to provide a migratory myoblast population to form the musculature of the appendicular skeleton.
Evidence has emerged that a second molecule, Follistatin, may act to mediate the response to BMP molecules secreted by the lateral plate mesoderm. Follistatin has been shown to mediate the activity of activin -a TGF-b family proteinand evidence has been cited for a wider action of Follistatin in regulating the action of BMP proteins (Amthor et al., 1996) . Follistatin has been proposed to act by sequestering TGF-b proteins from their receptors. However, the phenotype of the follistatin homozygous null mutant mice suggests that Follistatin does not on its own regulate the action of TGF-b molecules, such as activin, as these mice lack early patterning defects. Later in development, however, follistatin-deficient mice do develop an overall reduction in skeletal muscle mass, indicating that Follistatin may play a role in the morphogenesis of the myotome (Matzuk et al., 1995) . In the chick embryo, follistatin transcripts are highly expressed in both the medial and lateral muscle lineages, and a second gene follistatin related (flik) is expressed in the medial myotome. These observations have lead Amthor et al. (1996) to suggest that a model whereby Follistatin antagonises the BMP4 induced repression of muscle cell fates within the developing myotome. Members of the TGF-b-like family of proteins have been shown to prevent the differentiation of myoblasts or inhibit muscle fates altogether in various developmental contexts. This implies that within the dermomyotome, a careful balance in the activity of BMP4 must be achieved in order to prevent myoblasts from differentiating but not inhibit myogenic potential altogether. Follistatin may act as part of a control mechanism to regulate BMP4 activity and maintain an equilibrium between proliferation and differentiation of migratory myoblasts. The co-expression of both follistatin and flik within the medial dermomyo-tome may inhibit BMP activity on medial myoblasts altogether.
A similar role has been proposed for a second BMP4 binding protein, Noggin (Hirsinger et al., 1997) . Noggin is initially widely expressed axial and paraxial mesoderm and within the neural tube, but expression becomes restricted to the dorsomedial aspect of the dermomyotome as neural and notochord expression is downregulated (Connolly et al., 1997; Hirsinger et al., 1997) . Cells expressing Noggin, when transplanted in between the lateral mesoderm and the lateral edge of the somite, result in the downregulation of lateral somite markers and the up-regulation of markers of medial somite differentiation. Furthermore, Wnt 1 expressing cells are able to substitute for neural tube in inducing Noggin expression, suggesting it may be down stream of signals that initiate myogeneis in the forming myotome. BMP4 is also highly expressed within the dorsal neural tube, in a similar region to WNT 1. The main function of the medial dermomyotomal expression of noggin and flik may be to counteract this adjacent, potentially lateralising, signal within the dorsal neural tube.
Another member of the TGF-b family of growth factors termed GDF-8, or Myostatin has been shown to be expressed within the developing mouse somite and acts to regulate the morphogenesis of the skeletal muscle mass (McPherron et al., 1997) . Mice that are homozygous for a targeted disruption of the myostatin gene develop muscles that are two to three times the size of their wildtype litter mates. This is essentially the opposite phenotype to that seen within specific muscles of follistatin mutant mice (Matzuk et al., 1995) . It is tempting to speculate that another possible role for Follistatin may be to also regulate the activity of Myostatin and control the level of division of forming myoblasts within specific locations in the myotome.
A plausible model is that competing gradients of diffusible signals mediate cell type specification across the developing myotome. While the studies outlined above illustrate that these activities may be contributed by members of the BMP, HH and WNT protein families, other secreted molecules are almost certainly involved in specifying positional cues within the myotome. For example fibroblast growth factor (FGF) proteins are well known for their ability to stimulate division of myoblasts while inhibiting their differentiation in vitro and FGF proteins and their receptors have been implicated in controlling aspects of early myotome development (Grass et al., 1996; Grothe et al., 1996) . FGF5 is highly expressed in the lateral mesoderm during the period that cell types are being specified within the myotome and may play an active role in this process (Vaidya et al., 1989; Brunetti and Goldfine, 1990; Haub and Goldfarb, 1991) although the phenotype of Fgf5 mutant mice does not support such a role (Herbert et al., 1994) . Numerous studies have also illustrated the affects of an array of different growth factors on muscle development in vivo and in vitro. How these signals and factors are coordinated to control the pattern, growth and differentiation of the myotome remains undefined.
Arrangement of the teleost myotome and zebrafish mutants affecting myotomal patterning
Structure of the teleost myotome
In amniotes the maturing somite is arranged in such a way that the neural tube is directly opposed to the medial component of the dermomyotome while ventrally, the sclerotome forms adjacent to the notochord (Fig. 1A-C) . This relationship is altered in teleosts and other fish. Here, the notochord and neural tube both form apposed to the medial myotome, with the large vacuolated notochord aligned at the dorso-ventral midline (Fig. 1D-H,J) . As in amniotes, the sclerotome forms ventrally within the zebrafish somite; however, the altered positional relationships in teleost somites means that the sclerotome arises at some distance from the notochord (Morinkensicki and Eisen, 1997) and represents a very much reduced portion of the somitic derivatives (Fig. 1F,G) . Conversely, the myotome of fish constitutes a substantially larger fraction of each somite and comprises the bulk of the body musculature. Nearly all muscles of the teleost myotome contribute to the axial musculature and hence the distinction between hypaxial or expaxial muscles is essentially one of the topography of embryonic origins (Kardong, 1995) . The explanation for this almost certainly lies in the fact that unlike tetrapods, which utilise the appendicular muscles of the limb to move, the major propulsive force in teleosts is supplied by the axial muscles with few muscles putatively migrating to populate the fin rudiment.
Despite this lack of hypaxial like musculature, distinct populations of muscle progenitors can still be discerned in the forming fish myotome. Prior even to the segmentation of the presomitic mesoderm into somites a set of cells, termed adaxial, can be distinguished from the rest of the mesoderm by their large cubodial morphology and location adjacent to the notochord (Fig. 1D,E) . This morphology and their precocious expression of myogenic genes distinguishes them from the rest of the presomitic mesoderm (Thisse et al., 1993; Weinberg et al., 1996) . The first elongating and striating cells of the teleost myotome, termed the muscle pioneers, arise from such adaxial cells (Waterman, 1969; Felsenfeld et al., 1991) and are distinguished from the rest of the forming muscle cells by the expression of the zebrafish engrailed (en) 1 and 2 genes (Ekker et al., 1992) . Muscle pioneer cells form adjacent to the notochord, at the dorsal ventral midline of the myotome. At this level, a specialised structure of the myotome -the horizontal myoseptum -forms. Horizontal myosepta are present in all gnathostome fish and divide the differentiating myotome into dorsal, nominally epaxial and ventral, nominally hypaxial muscle masses, but they are not found in cyclo-stomes (jawless fish) (Bone, 1989) . Structurally similar to vertical myosepta that separate adjacent myomeres in all vertebrates, horizontal myosepta are composed of connective tissue sheets that extend medially to become attached to the axial column, notochord or vertebral column depending on the stage of development. The close association between muscle pioneer differentiation and horizontal myoseptum formation has led to speculation that these cells may play a role in controlling horizontal myoseptum formation (Halpern et al., 1993 see below) . The striation and elongation of the muscle pioneers is also coincident with a change in myotomal shape from an early block-like form to a characteristic chevron, an arrangement which remains even in the adult musculature. How the muscle pioneers might control these different morphogenetic events is poorly understood but it is proposed that generation of this chevron form is critical for allowing relatively short muscle fibres to collectively extend over several skeletal segments and generate the powerful alternate lateral muscle undulations which are the major propulsive force of the fish (Hardistry, 1979) .
en expressing myoblasts are also found within the central region of the dermomyotome of amniote embryos although it is unclear at this point whether there is any relationship between these cells and muscle pioneers (Davis et al., 1991) . en is also expressed with in the somites of Amphioxus (Holland et al., 1997) ; however, in contrast to vertebrates, Amphioxus en expression begins before somite boundaries are formed, and only within the posterior half of the first eight somites. These eight most rostral somites form by the budding off of epithelial segments from the gut, a primitive mechanism of segmentation, whereas the rest arise by a process more akin to vertebrate somitogenesis. All amphioxus somites, however, form a chevron shape highly reminiscent of teleosts and other fish, demonstrating that the generation of this myomeric form may be functionally independent of the presence of early differentiating En positive myocytes homologous to zebrafish muscle pioneers.
The lateral and medial populations of the zebrafish myotome differentiate into distinct cell fates. By 24 h of development, differentiated adaxial cells have undergone a remarkable migration from their origins next to the notochord traversing the entire extent of the myotome to populate the lateral surface of the myotome. Here myoblasts derived from the adaxial cells form a superficial subcutaneous layer of slow twitch muscle which will form the aerobic red muscle of the adult fish (Bone, 1978; Devoto et al., 1996; Blagden et al., 1997;  Fig. 1D-H) . The muscle pioneer cells however, which also express slow twitch muscle markers, can still be detected in their medial location up to 48 h postfertilisation reinforcing their distinct role in somite morphogenesis (Waterman, 1969; Devoto et al., 1996; Blagden et al., 1997) . The rest of the lateral aspect of the myotome differentiates as fast twitch muscle and this differentiation begins behind the migration of adaxial slow muscle cells which have already begun to express slow forms of myosin heavy chain prior to their migration (Devoto et al., 1996; Blagden et al., 1997) . However, the timing of fast and slow twitch fibre differentiation varies between different species of fish, and this seems to be linked with the transition from nutritional dependence on the yolk sac to exogenous feeding. The simultaneous development of both muscle layers in the free swimming larvae allows the ability to search for food sources at low swimming velocity and to avoid predators by escape at high velocity (Koumans and Akster, 1995) . For most rapidly developing fish such as cyprinids (of which zebrafish is a species), coregonids, and herrings, the transition to free feeding occurs early in development due to a relatively small contribution of yolk that the spawner makes to the egg. This correlates with the differentiation of slow twitch muscle before hatching, and in zebrafish this occurs remarkably early, 24 h before hatching. Fish species that possess large amounts of yolk, such as salmonids, often do not develop the superficial slow twitch red muscle layer until after hatching (Nag and Nursall, 1972; Proctor et al., 1980) . Despite the differences in the timing of slow and fast twitch muscle differentiation between fish species, the topographic separation of fast and slow twitch fated myoblasts and the stereotypic migration of the slow myoblasts remain unique features of the morphogenesis of at least the teleost myotome. However, although fast and slow twitch fibres appear to arise randomly in developing amniote muscle, the timing of their formation seems to be conserved between fish and amniotes. In the limbs of mice and chick embryos, slow and embryonic myosin expressing primary muscle fibres form first, and later secondary fibres, which express fast and embryonic myosins, arise in close association with the primary fibres (Kelly and Rubinstein, 1980; Vivarelli et al., 1988; Cho et al., 1994) . Thus, it is possible that the morphogenesis of the teleost myotome represents the evolutionary basis of fibre type differentiation in amniotes (see below). Medial cells of the mouse and chick dermomyotome also migrate from their initial location (Christ and Ordahl, 1995; Cossu et al., 1996b) but the exact nature and path of this migration awaits the results of on going studies. The fate of these medial migrating cells in terms of their initial fibre type is also yet to be determined. Whatever the relationship in terms of fibre type specification and the migration of medial myoblasts, both teleost and amniote embryos form two temporally distinct domains of myoblast; medial cells which differentiate early and a later maturing laterally derived subset.
Zebrafish mutations affecting formation of the myotome
A systematic mutagenic strategy has uncovered many mutations which affect the development of the zebrafish embryo Driever et al., 1996) . A number of mutations have been isolated that affect formation of the notochord (Halpern et al., 1993; Odenthal et al., 1996; Stemple et al., 1996; Talbot et al., 1996) . Invariably mutants that fail to form a differentiated notochord also disrupt the Mutations, flh, floating head; ntl, no tail; boz, bozozok; mom, momo; yot, you-too; ubo, uboot; con, chameleon, you, syu, sonic you, igu, iguana; cho, choker. patterning of the paraxial mesoderm. Intriguingly, embryos homozygous for these mutations fail to form the horizontal myoseptum, lack muscle pioneer cells and display a disrupted U-shaped somite morphology, suggesting that signals from the notochord may be required to control the formation of these cell types (see below). Two such mutations are no tail (ntl), which results from a defect in the zebrafish Bracyhury gene, and doc the molecular lesion of which is unknown. Transplantation of wild type notochord cells into these mutations can rescue the formation of the horizontal myoseptum and muscle pioneer cells but only in the myotomes directly adjacent to transplanted notochord cells (Halpern et al., 1993; Odenthal et al., 1996) . These observations reinforce the notion that notochord-derived signals control some aspects of the morphogenesis of the vertebrate myotome.
Another set of mutants, termed the you-type mutants, so named for the U-shaped somites evident in homozygous mutants, affect only the forming somites and leave the notochord intact . They disrupt subsets of the myotomally derived structures perturbed in notochordless mutants (Fig. 3A) . The most severe member of this class of mutants, you-too, lacks muscle pioneer cells and the horizontal myoseptum, with markers of the adaxial cell fate also being absent. Lateral myoblasts, in contrast, initiate myogenesis normally (Fig. 3B-E) . you-too and a second gene u-boot have been shown to act cell autonomously within the developing paraxial mesoderm and therefore may be good candidates for genes whose products may be involved with reception of, or response to, signals secreted from the notochord. Three other mutations of the group, sonic you (syu), chameleon (con) and you remain candidates for signals that are secreted by the notochord to induce the cell types of the zebrafish myotome. Another mutant of the you group, choker (cho) lacks the horizontal myoseptum but possesses muscle pioneer cells, suggesting that it may regulate or interpret the signal from the muscle pioneer cells that may trigger horizontal myosepta formation. Collectively, mutants that disrupt formation of zebrafish myotome reveal that a stepwise series of inductive events originating with notochord act to pattern the myotome. Analysis of these mutants is set to reveal the nature of signals and the molecular mechanisms directing signalling from the notochord (see below).
Mutations have also been isolated that affect the formation of myofibrils and migration of muscle precursor cells (Felsenfeld et al., 1991; Granato et al., 1996) . Specifically the fub mutation disrupts the formation of myofibrils in the developing zebrafish myotome. In this mutant, slow twitch myofibrils are less affected than fast twitch fibres, reinforcing the idea that different morphogenetic processes lead to the maturation of these two distinct cell populations (Felsenfeld et al., 1991) . The mutation spadetail (spt) disrupt the formation of somites due to the abnormal migration of muscle precursor cells (Ho and Kane, 1990) . Cells that would normally converge towards the dorsal midline to form the cells of the myotome migrate to the tail region. These animals recover to form somites of approximately normal size but disrupted morphology. How this process occurs is unknown but a distinct pool of muscle precursors must regulate to drive progression of myogenesis in these spt mutant somites. Thus, mutations exist which dissect the wide variety of developmental processes which underpin the formation of the zebrafish myotome.
HH proteins and cell type specification within the zebrafish myotome
The specification of zebrafish medial muscle cells is controlled by HH family proteins in a fashion reminiscent of SHH action in amniotes. Mutants that completely lack SHH secreting tissues, and consequently SHH expression, lack medially-derived slow muscle leaving lateral fast muscle cell fates unaffected (Blagden et al., 1997) . Conversely, injection of shh sense mRNA expands adaxial cell numbers (Concordet et al., 1996; Weinberg et al., 1996) . This Interactions between secreted signals (red) and the myogenic programme determine both the activation of myogenesis and the formation of specific cell types (blue). Hedgehog (HH) and WNT proteins initiate the expression of pax3 and myf5 which regulate the deployment of bHLH transcription factors which interact with members of the MEF2 and E protein families to regulate the expression of muscle structural proteins. Secreted proteins also regulate the type of muscle that forms, with SHH inducing epaxial and adaxial myocytes in higher vertebrates and teleosts, respectively. In zebrafish embryos adaxial myoblasts will form slow muscle and hence SHH instructively regulates fibre type differentiation, inducing the slow muscle fate at the expense of fast muscle. A second HH protein family member Echidna HH (EHH) is thought to control the induction of muscle pioneers from the adaxial cells. In higher vertebrates BMP4 secreted from the lateral plate mesoderm regulates myoblasts differentiation in lateral myoblasts to form the expaxial muscle lineage. Inappropriate myogenesis is prevented within the sclerotome by the deployment of a number of negative regulators of myogenesis, I-mf, Twist and Id, which interfere directly with the myogenic transcription factors or their co-activators to prevent activation of their transcriptional targets. increase in the number of adaxial cells leads to an expansion of slow muscle throughout the myotome (Blagden et al., 1997; Du et al., 1997) . This is not a mitogenic stimulation of myoblasts fated to be slow muscle, a process that has been described for SHH action on the cells of the forming sclerotome and the developing rat retina and postulated also to be responsible for the expansion of myogenic markers induced by retroviral infection of SHH expressing viruses in the developing chick embryo (Fan and Tessier-Lavigne, 1994; Johnson et al., 1994; Jensen and Wallace, 1997) , because slow twitch muscle fates are expanded reciprocally at the expense of fast twitch muscle (Blagden et al., 1997) . Despite this potential, there are a number of observations that suggest that SHH is not the only notochord derived signal that directs the patterning of the teleost myotome. Embryos homozygous for the ntl and floating head (flh) mutations fail to form a differentiated notochord (Halpern et al., 1993; Talbot et al., 1996) . Mutant embryos still express Shh and form significant numbers of floor plate and adaxial cells and near normal levels of slow twitch muscle, all cell types demonstrated to be induced by SHH activity (Halpern et al., 1993; Krauss et al., 1993; Blagden et al., 1997) . However, as ntl and flh lack muscle pioneer cells this suggests that SHH activity is insufficient to induce this fate from the adaxial cells from which they derive.
A second hh gene family member, echidna hedgehog (ehh), is also expressed in cells of the notochord during a brief period of development, later than SHH, and its expression is absent from embryos homozygous for ntl and flh (Currie and Ingham, 1996) . Injection of ehh mRNA into ntl and flh mutant embryos can rescue the formation of the muscle pioneer cells suggesting that it may be the activity secreted from the notochord that specifies these cells. ehh is related to the Xenopus hh gene, banded hh (bhh), which is expressed in a single central chevron shaped band in the dermomyotome of each somite, a unique expression pattern for known hh genes (Ekker et al., 1995) . It is tempting to suppose that BHH and EHH may play similar roles in specifying individual cell types in the developing myotome. It will be of interest, therefore, to determine if any of the you-type mutations, which disrupt the formation of muscle cell types known to be controlled by zebrafish HH gene homologues, reflect mutation in genes that are involved in the creation and transduction of the HH signal.
Model of patterning of the vertebrate myotome
The convergence of studies in a number of vertebrate organisms has begun to unravel the nature of signals that control the induction of myogenesis. Secreted signals from tissues adjacent to the dermomyotome regulate the induction of myogenesis and members of the WNT, BMP and HH classes of secreted proteins are molecules that are expressed within these embryonic tissues and can mimic their biological activities (Fig. 2) . Individual cell types within the dermomyotome are also induced by specific secreted factors. Non-myogenic cell types of the somite are prevented from inducing muscle specific gene expression via the inhibition of both the transcription and activity of myogenic transcription factors. In the amniote embryo, differentiation of muscle is further repressed by a second wave of secreted signals which act to produce a lateral population of migratory myoblasts which forms the hypaxial musculature of the appendicular skeleton (Fig. 4) . What is yet to be understood is how secreted signals are transduced within their target cells to determine muscle cell fates. Do similar signals simultaneously generate the myotomal compartment, through the action of the myogenic transcription factors and their regulators, and also direct these cells to specific muscle cell fates? A dissection of the signal transduction mechanisms operating within the developing myotome will be required to determine the answers to these questions. In particular, the mutational dissection of myotomal patterning events within the zebrafish embryo may identify molecular players which mediate the formation and transduction of secreted signals in the nascent embryonic myotome.
